BACKGROUND/OBJECTIVES: Obesity is characterized by chronic inflammation and immune dysregulation, as well as insulin resistance, but the link between obesity and adaptive immunity remains to be fully studied. METHODS: To elucidate the role of adaptive immunity on body composition, glucose homeostasis and inflammation, recombination-activating gene 1 knockout (Rag1 − / − ) mice, without mature T-lymphocytes or B-lymphocytes, were maintained on a low-or high-fat diet (LFD and HFD, respectively) for 11 weeks. RESULTS: Rag1 − / − mice fed HFD gained significantly more weight and had increased body fat compared with wild type. Downregulation of energy expenditure as well as brown fat uncoupling protein UCP-1 and UCP-3 gene expression were noticed in HFD-fed Rag1 − / − mice compared with LFD. HFD mice had significantly decreased energy intake compared with LFD mice, consistent with decreased agouti-related protein and increased pro-opiomelanocortin gene expression levels in the hypothalamus. Moreover, compared with wild type, Rag1 − / − mice had lower interleukin (IL)-4 levels, a cytokine recently found to induce browning in white adipocytes, and higher IL-12 levels in HFD-fed Rag1 − / − mice. Despite that HFD Rag1 − / − mice were more obese, they had similar glucose, insulin and adiponectin levels, while leptin was marginally increased. CONCLUSIONS: Mice with deficiency in adaptive immunity are obese, partly owing to decreased energy expenditure, but are metabolically normal, suggesting that mature lymphocytes have necessary roles in the development of obesity-related metabolic dysregulation.
INTRODUCTION
Obesity is associated with insulin resistance and other components of the metabolic syndrome, leading to higher mortality. 1 Adipose tissue inflammation in enlarged adipose tissue has been proposed to be a pathogenic link between obesity and metabolic diseases. [2] [3] [4] [5] [6] Local as well as systemic increase in inflammatory cytokines is a major contributor to development of insulin resistance and cardiovascular disease. 7, 8 Macrophages, mast cells, neutrophil, monocyte, T-and B-lymphocyte counts are increased in obese state, [9] [10] [11] whereas eosinophils and some subsets of T lymphocytes, such as T helper type 2 (Th2), regulatory T cells and invariant natural killer T cells, are decreased. 12 Infiltration of innate immune cells such as M1-type proinflammatory macrophages into the expanding adipose tissue or the phenotype switch from M2-type anti-inflammatory macrophages to M1-type macrophages have been shown to be key immune responses in obesity. 13, 14 However, recent studies have shown that adaptive immune cells may also have a role in this process and even precede innate immune response to regulate the accumulation and phenotypic physiology, but its connection with the innate immune system still remains unclear.
To elucidate the role of the adaptive immune system in adipocyte metabolism and whole-body energy homeostasis, insulin resistance, glucose homeostasis and adipose tissue inflammation, we used diet-induced obese C57BL/6J (C57) mice, which are the closest mouse model to human obesity, and recombination-activating gene 1 knockout (Rag1 − / − ) mice with a Rag1 tm1Mom mutation, which cannot mature T-lymphocytes or B-lymphocytes, and hence is a model of severe combined immune deficiency. 15 After feeding low-and high-fat diet (LFD and HFD, respectively) to wild-type C57 mice and Rag1 − / − mice, we compared their body composition, metabolic profile and local as well as systemic inflammation, to fully assess the interaction between diet, immune genotype and obesity and its metabolic complications.
MATERIALS AND METHODS Animals
Male, 3-week-old, C57 and Rag1 − / − mice were obtained from the Jackson Laboratory (Bar Harbor, ME, USA) and housed in individual cages in a room maintained at 22°C on a 12:12-h light-dark cycle. The Rag1 − / − mice have the same genetic background with controls as they were generated from C57 mice, and all mice were purchased and shipped to us at the same time. All mice were acclimated to the facility for 3 days while being fed a regular chow diet (Formulab diet 5008, Lab Diet, Richmond, IN, USA) and water ad libitum. All animals were handled in accordance with the principles and guidelines established by the National Institutes of Health. The animal facilities and protocols reported were approved by the Beth Israel Deaconess Medical Center (BIDMC) Institutional Animal Care and Use Committee.
Experimental design
Mice were randomly assigned to four groups (n = 6 per group) as follows: C57+LFD, C57+HFD, Rag1 − / − +LFD, and Rag1 − / − +HFD. Mice in all the groups were maintained on their assigned diet for 11 weeks. The LFD used 1 was regular animal chow diet, which provides 16.7% calories from fat (Formulab diet 5008, Lab Diet, Richmond, IN, USA). The HFD was a western diet (TD88137, Harlan Teklad, Madison, WI, USA), which contains 42.2% of calorie from milk fat, 42.8% from carbohydrates and 15.0% from protein.
The macronutrient distribution, particularly the proportion of fat and distribution of saturated vs unsaturated fat in HFD was representative of diets linked to a high-risk cardiovascular disease in humans (Teklad Custom Research Diet data sheet).
Experimental procedures
Physiological characterization. Body weights and total amount of food intake were measured weekly on the same day between 0800 and 1000 hours. with an analytical balance. Total body fat mass, lean tissue mass and water content were accessed by magnetic resonance imaging techniques (ECHO Medical Systems, Houston, TX, USA). For whole-body composition analysis, non-anesthetized mice were placed in a restraint tube and inserted into the nuclear magnetic resonance machine for determination of body adiposity 1 day before killing (Figure 1 ). 16 Indirect calorimetry and activity. A Comprehensive Laboratory Animal Monitoring System (CLAMS; Columbus Instruments International, Columbus, OH, USA) was used to measure energy expenditure, oxygen consumption, carbon dioxide production and locomotor activity (XYAmb). An air sample was withdrawn every 40 min. Heat (kcal h − 1 ) produced was calculated according to the equation: (3.815+1.232 RER) × VO 2 , where respiratory exchange ratio (RER) was volume of CO 2 (VCO 2 ) produced per volume of O 2 (VO 2 ) consumed. VO 2 or VCO 2 was the volume of O 2 or CO 2 consumed per hour per kilogram mass of the animal. Locomotor activity was quantified as consecutive photo beam breaks along the long (XAmb) and short (YAmb) axes of the same CLAMS cages. In order for animals to acclimate to this system, they were placed in the metabolic cages 1 day before the actual recording. Mice then housed in the metabolic cages for 72 h, and an average of the data obtained during the 3 days was used for the analysis. 16 Glucose and insulin tolerance test. Intraperitoneal glucose tolerance tests and insulin tolerance tests were performed. The intraperitoneal glucose tolerance tests were conducted in the morning after mice had been fasted for 16-18 h. Mice were then injected with a standard glucose bolus, as previously outlined. 17 Intraperitoneal insulin tolerance tests were performed by injecting 0.75 units of insulin per kg body weight intraperitoneally.
Tissue collection and biochemical analyses. Mice were fasted for at least 4 h prior to the blood draw. Blood was collected in a chilled BD Microtainer (No Additive Tubes or Tubes with EDTA, Becton, Dickinson and Company, Franklin Lakes, NJ, USA). Serum or plasma was isolated by centrifugation at 1800 g for 15 min at 4°C and was stored at − 80°C until further analysis. Plasma adiponectin, leptin and insulin were measured by enzyme-linked immunosorbent assay (Millipore, Billerica, MA, USA; ALPCO Diagnostics, Salem, NH, USA). Blood glucose was measured using the LifeScan One Touch Ultra glucometer (Johnson&Johnson, New Brunswick, NJ, USA). With the measured plasma insulin and glucose data, homeostasis model assessment for insulin resistance was calculated. Markers of inflammation, including interferon-γ (IFN-γ), interleukin (IL)-1β, IL-2, IL-4, IL-5, keratinocyte-derived chemokine/growth-related oncogene, IL-10, IL-12 total and tumor necrosis factor-α (TNF-α), were determined using a mouse TH1/TH2 9-Plex Assay Ultra-Sensitive Kit (Meso Scale Discovery (MSD) multi-spot Assay System, Gaithersburg, MD, USA) according to the manufacturer's instructions.
After 11 weeks, mice were anesthetized with isoflurane and killed by exsanguinations. Tissues including that of the heart, liver, kidney, pancreas, spleen, intestine, hypothalamus and muscle and epididymal, perirenal, mesenteric, subcutaneous and brown adipose tissues were collected, immediately frozen in liquid nitrogen, and stored at − 80°C.
Total RNA was extracted from hypothalamus, liver, muscle and five areas of adipose tissue using TRIZOL reagent (Invitrogen, Grand Island, NY, USA) and quantified spectrophotometrically at 260 nm. Integrity was confirmed by visualization of 18 S and 28 S rRNA on the Flash-Gel system (Lonza, Rockland, ME, USA). cDNA was synthesized using High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA). Quantification of mRNA expression was done in a two-step Reverse Transcriptase-Real Time PCR (RT-qPCR) using mouse-specific TaqMan Gene Expression Assays (Applied Biosystems) in 7500 Fast Real-Time PCR system using Standard real-time 7500 protocol. Data were analyzed using the 7500 system software (Applied Biosystems), and relative quantification was done using ΔΔCt method with 18S as the internal control and the C57+LFD group as the reference control.
Immunohistochemical analyses. Hematoxylin and eosin staining was performed by the Histology Core at BIDMC. To assess the number of adipocytes, at least 10 representative images were taken at × 20 magnification. Macrophages were identified in the adipose tissue using an antibody to F4/80 (AbD Serotec, Raleigh, NC, USA) and visualized using a horseradish peroxidase-conjugated secondary antibody with color development using a diaminobenzidine substrate. F4/80-positive cells were counted in at least 10 visual fields at × 20 magnification to evaluate macrophage infiltration. Images were evaluated using the SigmaScan Pro 5 software (Systat Software, Inc., Point Richmond, CA, USA).
Statistical analyses. Treatment groups were analyzed using general linear models; differences among the treatment groups were assessed by oneway analysis of variance followed by the protected least significantdifferences technique (SAS version 8.2; SAS Institute, Cary, NC, USA). Changes in body weight, glucose, hormones and inflammation markers were assessed by repeated-measures analysis of variance and post-hoc multiple comparison procedures. Statistics were performed on logtransformed data for results showing unequal variances among groups. All data are presented as means ± s.e. Po0.05 was considered statistically significant.
RESULTS
Effect of lymphocyte deficiency on body weight and body composition There were no differences in body weight among the four groups at baseline (P = 0.79; Figure 1b ). As early as 1 week after HFD, mice began to weigh more than LFD mice. Although there was no difference between LFD-fed wild-type and Rag1 − / − mice throughout the study period, Rag1 − / − mice fed HFD started to gain more weight than C57 mice fed HFD at week 1 that became significantly different from week 3. The difference persisted until the end of the experiment at week 11, with Rag1 − / − HFD mice being 10% heavier than C57 HFD mice. In association with the greater body weight gain, Rag1 − / − HFD mice had significantly more body fat mass (g and %) and less lean mass (%) compared with C57 HFD mice (Table 1a) . Also, both LFD-and HFD-fed Rag1 − / − mice had lower spleen mass compared with the C57. Importantly, HFD significantly increased the mass of the entire fat depot observed (epididymal, perirenal, mesenteric, subcutaneous and brown fat) but only epididymal, mesenteric and subcutaneous fat mass was further increased by lymphocyte deficiency, not perirenal or brown fat mass.
Effect of lymphocyte deficiency on energy intake, appetite and energy expenditure In contrast to the significantly increased body weight, both C57 and Rag1 − / − mice fed HFD had significantly decreased overall energy intake compared with mice fed LFD (P = 0.0001, Figure 1c ). As hypothalamus is the key organ involved in appetite regulation, we further explored hypothalamic neuropeptide gene expression. 
Mean ± s.e. Mean ± s.e. Mean ± s.e. Figures 2c and d) . Similar results were found after adjusting the RER data for lean body mass obtained 1 week after CLAMS data were collected (P = 0.002). In addition, Rag1 − / − mice fed HFD had significantly lower activity levels compared with all the other groups (Diet × Strain P = 0.0048, Figures 2e and f) .
To elucidate mechanisms underlying the decrease in heat generation and energy expenditure in Rag1 − / − mice, we measured uncoupling protein (UCP) mRNA expression levels in muscle and brown adipose tissue. We have confirmed that UCP1 mRNA expression is dominant in brown fat while UCP3 mRNA expression is dominant in muscle (Supplementary Figure S2A) . Mean UCP2 mRNA expression levels were 410 times lower compared with UCP1 and UCP3 gene expression levels in both brown adipose tissue and muscle. There were no differences in muscle UCP3 expression among groups (Supplementary Figure S2B) , but Rag1 − / − mice fed HFD had significantly decreased UCP1 and UCP3 mRNA expression in brown fat compared with Rag1 − / − mice fed LFD, partly explaining the decreased energy expenditure and increased body fat in Rag1 − / − HFD mice ( Supplementary  Figures S2C and D) .
Effect of lymphocyte deficiency on metabolic profile In HFD-fed mice, blood glucose and insulin levels were significantly increased compared with LFD-fed mice, but there was no difference between C57 and Rag1 − / − mice (Figures 3a  and b) . Ten weeks after baseline, C57 and Rag1 − / − mice fed HFD showed impaired glucose tolerance (Figure 3c ) and insulin resistance ( Figure 3d ) compared with LFD-fed counterparts. No further differences of glucose and insulin sensitivity were found between HFD-fed C57 and Rag1 − / − mice.
Adipokines are markers of adipocyte physiology, and therefore, leptin and adiponectin levels were measured during the study period. Mice fed HFD had significantly higher plasma leptin levels as early as week 3, consistent with their weight gain (Figure 3e) . Also, HFD-fed Rag1 − / − mice had marginally higher leptin levels compared with HFD-fed C57 mice. Mice fed LFD maintained unchanged leptin levels for the whole experiment period. Meanwhile, plasma adiponectin levels were unaltered in C57 mice fed LFD, while the other groups had significantly lower adiponectin levels at the end of the experiment (Figure 3f ).
Effect of lymphocyte deficiency on local inflammation in epididymal and subcutaneous adipose tissues Increased fat mass in Rag1 − / − mice had led us to examine the local inflammation in adipose tissue. Morphological analysis showed that, in both epididymal and subcutaneous adipose tissue, increase in fat mass was due to adipocyte hypertrophy (Figures 4a and 5a) . Adipose tissue macrophage infiltration visualized by F4/80 staining (a mouse macrophage marker) and assessment of crown-like structure in epididymal and subcutaneous adipose tissue showed that, although there was a significant elevation in macrophage infiltration in C57 mice fed HFD compared with C57 mice fed LFD, there was no difference between C57 and Rag1 − / − mice (Figures 4c and d, 5c and d) . However, when the subtype of macrophages that had infiltrated each adipose tissue store was measured, both C57 and Rag1 − / − mice fed HFD had significantly decreased M2 macrophage expression compared with LFD mice in epididymal fat (Figure 4f ). There was a trend in decreased M2 macrophage expression in Rag1 − / − fed HFD compared with Rag1 − / − LFD in subcutaneous fat (Figure 5f ).
Effect of lymphocyte deficiency on systemic inflammation To assess whether the local inflammation observed in HFD-fed mice is also reflected in terms of systemic inflammation, we measured plasma cytokine levels (Table 1b) . In C57 HFD-fed mice, TNF-α and IFN-γ levels were increased, whereas MCP1 level was decreased compared with LFD-fed mice. There was no significance in any other cytokines observed in C57 mice. In contrast, deficiency in lymphocytes resulted in marked reduction in antiinflammatory cytokine IL-4 level in both LFD and HFD mice. IL-10 also had a trend towards decrease in Rag1 − / − mice although it was not statistically significant. Moreover, IL-5 and IL-12 (total) Obesity in immune-deficient mice X Liu et al levels were significantly elevated in HFD-fed Rag1 − / − mice compared with HFD-fed C57 mice. MCP1 and MIP1α levels were also increased in Rag1 − / − mice compared with C57 mice although it was only significant in the LFD-fed group. IFN-γ, which was elevated by HFD in C57 mice, was significantly decreased by lymphocyte deficiency. These results suggest that lymphocyte deficiency results in upregulation of inflammatory cytokines even at baseline, which may have a role in development of obesity only when fed HFD. We also measured mRNA expression of several cytokines (IL-1α, IL-1β, IL-4, IL-17a, TNF-α and IFN-γ) in five areas of adipose tissue, including epididymal, mesenteric, perirenal, subcutaneous and brown adipose tissue (Table 1c) . When compared with C57 mice, Rag1 − / − mice showed significantly decreased IL-4 mRNA expression levels in all the five areas of adipose tissue (all P o0.05), decreased IL-1β in perirenal and brown adipose tissue (P = 0.004 and P = 0.04, respectively) and decreased TNF-α (P = 0.01) and IL-17a (P o 0.0001) in mesenteric adipose tissue. Mice fed HFD showed significant increase of TNF-α (P = 0.0007), IFN-γ (P = 0.02), IL-1α (P = 0.04) and IL-1β (P = 0.05) in perirenal adipose tissue. Diet and Genotype interaction were only found for TNF-α (P = 0.02) and IL-1α (P = 0.03) in epididymal adipose tissue. Obesity in immune-deficient mice X Liu et al TNF-α and IL-1α mRNA expression level was increased in HF-fed C57 mice while decreased in HF-fed Rag1 − / − mice compared with LF-fed counterparts. TNF-α, IFN-γ, IL-1α and IL-1β mRNA levels were significantly correlated to macrophage F4/80 mRNA levels in all the five areas of adipose tissue (all P o0.05). We also found that IL-17a mRNA expression cannot be detected in perirenal, subcutaneous and brown adipose tissue.
DISCUSSION
We demonstrate herein that lack of adaptive immune system, as seen in Rag1 − / − mice, have adverse effect on body weight, body composition and several inflammatory cytokines but do not necessarily lead to development of metabolic diseases, such as hyperglycemia and diabetes in the short term.
The most significant change induced by lack of Rag1 in HFD-fed mice is the increase in body weight. Body composition analysis showed that the increased body weight was due to significant increase in fat mass, especially epididymal, mesenteric and subcutaneous fat. Morphological analysis of epididymal and subcutaneous fat confirmed that the enlarged fat mass was due to adipocyte hypertrophy in Rag1 − / − mice fed HFD. Animal monitoring data showed that the excess weight gain was at least in part derived from decreased energy expenditure, including reduced heat production and locomotor activity. Downregulation of brown fat UCP-1 and UCP-3 gene expression levels in Rag1 − / − HF-fed mice compared with LF-fed mice partly explains the decreased whole body thermogenesis in these animals. It is uncertain at this point how lack of adaptive immune system can lead to alteration in thermogenic genes. It is possible that there might be a direct effect, yet to be identified, or an indirect effect through lack of restrained fat accumulation in adipose tissue. Hypertrophic fat leads to hyperleptinemia and indeed Rag1 − / − mice fed HFD exert higher leptin levels compared with C57 mice, suggesting that Rag1 − / − mice are partly resistant to leptin in terms of sympathetic system, 18 and thus may be gaining more weight.
Interestingly, total energy intake was lower in C57 and Rag1 − / − mice fed HFD compared with LFD-fed mice. To explore whether the decreased food intake was related to altered appetite control in the hypothalamus, we measured the gene expression of orexigenic neuropeptides NPY and AgRP, as well as the expression of anorexigenic neuropeptide POMC. 19 Consistent with decreased energy intake, HF-fed mice had significantly decreased AgRP and increased POMC gene expression levels in the hypothalamus. We hypothesize that, in context to the sympathetic nervous system, higher leptin levels in HFD mice are successfully downregulating NPY and AgRP in the hypothalamus. These findings show that there might be a dichotomy in leptin sensitivity between peripheral tissues and the central nervous system in this state of deficiency of the adaptive immune system. Previous studies have shown similar results with ours in that Rag1 − / − and Rag2 − / − mice become more obese than wildtype mice. 20, 21 These immune-deficient mice had increased levels of macrophage and natural killer cells. We extended the previous findings by studying their metabolism in detail and examining a wide range of inflammatory markers in tissues as well as in circulation. In our study, pro-inflammatory M1 macrophages mRNA levels were increased in the epididymal fat of HF-fed C57 mice but not in Rag − / − mice. Anti-inflammatory M2 macrophages mRNA levels were significantly decreased in both C57 and Rag mice in epididymal fat when fed HFD. Tissue mRNA expression of cytokines showed that HFD diet induced subcutaneous mRNA expression of macrophages and perirenal mRNA expression of TNF-α and IL-1α, but there was no difference between C57 and Rag1 − / − mice. The circulating levels of IL-5 and IL-12 total were increased significantly in Rag1 − / − fed HFD. The established sources of IL-12 are stimulated macrophages, neutrophils, B-cells and dendritic cells. 22 Serum levels of IL-12 showed a strong relationship with markers of low-grade inflammation and obesity in the Mexican adult population. 23 IFN-γ levels were decreased, and MCP1 levels were increased in Rag1 − / − mice compared with C57. However, there were no major changes in other cytokines observed. These suggest that, although there is a change in inflammatory phenotype by HFD, the recruitment of macrophages to adipose tissue does not necessarily depend on the adaptive immune system and that the cells of the innate immune system can produce the majority of inflammatory cytokines even in the absence of the adaptive immune system. Of note, a recent study by Kim et al. 24 has shown that Rag1 − / − mice are hypersensitive to TLR3 ligand and adoption of T cells to Rag1 − / − mice lowers TNF-α levels, suggesting that TNF-α is one of the essential negative regulators in adaptive immune response. In contrast, we could not observe any differences in either TNF-α mRNA expression in adipose tissue or circulating levels of TNF-α, which may explain why we did not detect any major differences in metabolism between C57 and Rag1 − / − . Although only minor changes were observed for tissue mRNA expression of most cytokines, IL-4 mRNA levels were significantly decreased in all fat tissue deposits studied in Rag1 − / − mice as compared with C57 mice, regardless of the diet. Consistently, circulating IL-4 levels were also decreased in Rag1 − / − mice. IL-4 is a cytokine that induces differentiation of naive helper T cells to Th2 cells. Upon activation by IL-4, Th2 cells subsequently produce additional IL-4 in a positive feedback loop, 25, 26 leading to T-cell proliferation and stimulation and differentiation of B-cells. In addition, IL-4 and its main intracellular messenger signal transducer and activator of transcription 6 (STAT6) have been shown to have an important role in controlling peripheral nutrient metabolism and insulin sensitivity by inhibiting the peroxisome proliferator-activated receptor-α-regulated program of nutrient catabolism and attenuating adipose tissue lipid accumulation and inflammation. 27, 28 We have confirmed in vitro that IL-4 can activate STAT6 signaling in AML12 liver and 3T3L1 adipocyte cell line. In addition, we found that IL-4 can activate mitogen-activated protein kinase signaling in C 2 C 12 muscle cell line and can significantly downregulate phosphorylation of glycogen synthase kinase, which mediates glycogen synthesis, in AML12 liver and 3T3L1 adipocyte (data not shown), which in conjunction with our animal study suggest that IL-4 could be a molecular link between the immune system and fat accumulation, with increased fat mass in immune-deficient Rag1 − / − mice fed a HFD. The reason for the lower IL-4 in the Rag1 − / − mice is likely be due to the lack of lymphocytes, in particular Th2 cells that produce IL-4. Previous study has confirmed that transplantation of Th2 cells reverse the metabolic dysfunction in Rag1 − / − mice and the beneficial effect of Th2 cells are maintained by STAT6 signal. 20 Interestingly, a recent study has found that eosinophil-derived IL-4 is required for browning of white adipocytes and increased energy expenditure, 29, 30 which could provide further support to our findings on decreased energy expenditure in Rag1 − / − mice.
In terms of metabolic regulation, mice fed HFD had a higher degree of insulin resistance in both C57 and Rag1 − / − mice as expected. Prior studies have found that Rag1 − / − and Rag2 − / − mice are more insulin resistant than wild-type mice. 20, 21 Our study did not show significant adverse metabolic effect of Rag1 deficiency, however, despite a significant increased weight gain and decreased IL-4 levels. This finding may be related to the study of mice at an earlier time point in our study. We examined insulin and glucose tolerance after 11 weeks on a HFD, whereas the prior study examined the mice after 14 weeks. It is possible that a more prolonged period of observation would be needed for the development of insulin resistance through development of obesity and other changes seen in our Rag1 − / − mice.
A similar phenomenon has been observed in humans where 25% of obese subjects are metabolically healthy individuals and are protected from metabolic syndrome in the short term, 31,32 but debate exists on what the long term implications would be. 33, 34 In summary, we demonstrated the role of adaptive immune system in central and peripheral systems regulating body weight, energy expenditure, systemic and tissue inflammation and metabolism. Although there was a connection between lack of adaptive immune system and a significant increase in adiposity in Rag1 − / − mice fed HFD, there was no deleterious effect in terms of whole body metabolism. A decrease in energy expenditure and lack of IL-4 leading to excess fat storage may serve as underlying mechanisms driving weight gain in diet-induced obese Rag1 − / − mice. Whether a longer observation period is needed for the development of metabolic complications, as seen in metabolically healthy obese subjects, remains to be studied in detail in the future. Obesity in immune-deficient mice X Liu et al
